
1 
 

 

Probing Biased Activation of mu-opioid Receptor by the Biased Agonist 

PZM21 Using all Atom Molecular Dynamics Simulation 

 

Siyan Liao1, 2, Kai Tan2, 3, Cecilia Floyd2
, Daegun Bong2, Michael James Pino Jr2 and Chun Wu2* 

 

1 Key Laboratory of Molecular Target & Clinical Pharmacology, School of Pharmaceutical Sciences, 

Guangzhou Medical University, Guangzhou, 511436, China  

2 College of Science and Mathematics, Rowan University, Glassboro, NJ, 08028 USA 

3 Department of Chemistry, Xiamen University, Xiamen, Fujian, 361005, China 

 

 

 

 

 

 

 

 

 



2 
 

ABSTRACT 

    Morphine is a commonly used opioid drug to treat acute pain by binding to the mu-opioid 

receptor (MOR), but its effective analgesic efficacy via triggering of the heterotrimeric Gi protein 

pathway is accompanied by a series of adverse side effects via triggering of the β-arrestin pathway. 

Recently, PZM21, a recently developed MOR biased agonist, shows preferentially activating the 

G protein pathway over β-arrestin pathway. However, there is no high-resolution receptor structure 

in complex with PZM21 and its action mechanism remains elusive. In this study, PZM21 and 

Morphine were docked to the active human MOR-1 homology structure and then subjected to the 

molecular dynamics (MD) simulations in two different situations (i.e., one situation includes the 

crystal waters but another does not). Detailed comparisons between the two systems were made to 

characterize the differences in protein-ligand interactions, protein secondary and tertiary structures 

and dynamics networks. PZM21 could strongly interact with Y3287.43 of TM7, besides the residues 

(Asp1493.32 and Tyr1503.33) of TM3. The two systems’ network paths to the intracellular end of 

TM6 were roughly similar but the paths to the end of TM7 were different. The PZM21-bound 

MOR’s intracellular ends of TM5-7 bent outward more along with the distance changes of the 

three key molecular switches (ionic lock, transmission and Tyr toggle) and the distance increase 

of some conserved inter-helical residue pairs. The larger intracellular opening of the receptor could 

potentially facilitate G protein binding.  
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1. Introduction 

    Opioids are a critical class of medications that treat both chronic and acute pain that is a serious 

and costly public health issue [1-4]. The prototypical opioid analgesic, Morphine (Fig. 1), is on 

the World Health Organization (WHO) model list of essential medicines, the most important 

medications needed in a basic health system. However, its effective analgesic efficacy is 

accompanied by a series of adverse side effects [5], such as respiratory depression, constipation, 

nausea and addiction. Therefore, it is an urgent and significant task to develop novel effective 

analgesics without these deleterious side effects.  

Opioid drugs are classified according to three major classes of opioid receptors: mu (μ), delta 

(δ) and kappa (κ)[6], which are members of class A (rhodopsin-like) G protein coupled receptor 

(GPCR) family, the largest and most diverse group of membrane receptors and the targets for a 

large portion of currently used medications[6-8]. The analgesic effect of Morphine is achieved via 

a classical heterotrimeric Gi protein pathway, which is mediated by the activated mu-opioid 

receptor (MOR) (Fig. S1), leading to the hyperpolarization of neurons and suppression of neuronal 

excitability [9]. By contrast, most unwanted Morphine-induced side effects associated with 

tolerance, respiratory depression and constipation are likely attributed to β-arrestin pathway[10-

13]. Recently, substantial attention has been focused on development of MOR biased agonists that 

can specifically trigger G protein signaling pathway over β-arrestin pathway, in order to achieve 

the goal of providing effective analgesics with reduced side effects. Therefore, understanding the 

G protein biased mechanism of MOR is important for this class of drug design and development.  
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Fig 1.  2D structures of four MOR agonists, Herkinorin, TRV130, BU72, PZM21 and Morphine. 

The red asterisks of morphine and PZM21 indicate the carbon atoms defined as the nodes to 

represent the ligands for communication network analysis. 

 

    Several G protein biased agonists of MOR have been discovered. Herkinorin (Fig. 1) was the 

first G‐protein biased agonist that does not promote the β‐arrestin-2 recruitment and does not 

induce receptor internalization [14]. TRV130 (Fig. 1) was another G‐protein biased agonist with 

robust G protein signaling and less β‐arrestin recruitment[15], exhibited promising analgesic effect 

in clinical trials[16], although it finally was not approved by the Food and Drug Administration 

(FDA) of USA due to concerns that its benefit did not exceed its risk. The latest G‐protein biased 

agonist, PZM21 (Fig. 1), showed effective analgesic results and minimal respiratory depression 

and reinforcing activity in mice, was developed in 2016 through structure-based discovery and 

high throughput screening[17]. The study showed that PZM21 preferentially activated the Gi 

protein pathway over β-arrestin-2 pathway, and its G protein bias was similar to TRV130 but over 

* * 

http://www.guidetopharmacology.org/GRAC/LigandDisplayForward?ligandId=7334
http://www.fda.gov/home
http://www.fda.gov/home
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Herkinorin[17]. Of note, PZM21 showed an unprecedented selectivity for activating MOR, 

whereas TRV130 was also able to activate the kappa-opioid receptor (KOR) as potent as 

Morphine[17]. Additionally, PZM21 and TRV130 appeared to interact MOR with distinct binding 

poses in the MOR orthosteric binding site by docking and molecular dynamics (MD) simulation 

studies, likely contributing to PZM21’s unique selectivity for the MOR compared to TRV-130, 

although they had similar levels of biased signaling or functional selectivity[17].  

    GPCR induces G protein or β-arrestin recruitment after activation by an agonist binding, which 

is an allosteric process transducing signals from the extracellular ligand-binding region to the 

distant cytoplasmic G protein- or arrestin-binding region. Molecular dynamics (MD) simulation is 

a powerful tool to investigate the conformational dynamics of a bimolecular system to understand 

its function and interaction mechanism [18-23]. Recently, MOR’s activation mechanism induced 

by TRV130 was studied widely by MD simulations and experiments. Schneider et al. investigated 

the binding of TRV130 to the activated crystal structure of MOR (PDB: 5C1M) by MD simulations 

and suggested some important residues contributing to allosteric signal transmission for Morphine 

and TRV130[24]. Cheng et al. performed a series of MD simulations and found that TRV130 

stabilized W6.48 by interacting with Y7.43 through a hydrophobic ring (Superscript numbers refer to 

Ballesteros-Weinstein residue numbering method for GPCRs[25]), which was important for 

TRV130 to activate the G protein-biased pathway of MOR[26]. Moreover, Okude et al. used NMR 

spectroscopy to clarify the conformational equilibrium of MOR in the sates bound to different 

ligands [27]. MOR existed in equilibrium between the closed and open conformations in 

Morphine-bound state, and in TRV130-bound state, MOR was also in equilibrium between the 

closed and open conformations, but the open conformation was transformed into a conformation 

with a larger intracellular cavity[27]. Although these studies provided valuable information about 
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the G protein biased mechanism of MOR, the dynamic propagation of MOR G protein biased 

signaling remain unclear, particularly in PZM21-bound state. Therefore, it is necessary to 

understand how PZM21 activates human MOR to clarify the preferred PZM21-bound MOR 

conformation for design of new improved analgesics. 

    In the study, homology modeling, docking and MD simulations were carried out to understand 

the functional selectivity mechanism of the G protein biased agonist PZM21 for further 

development of G‐protein biased agonists as new analgesics. Using all atom MD simulations, the 

differences between Morphine and PZM21 in docking poses, residue interactions, conformational 

changes, molecular switches and dynamic networks were analyzed to understand PZM21’s action 

mechanisms with human MOR. 

 

2. Materials and Methods 

2.1. Homology modeling  

    The pre-aligned crystallographic structure of the active, mouse MOR-1 (the primary MOR 

variant) bound to the agonist BU72 (Fig. 1) in membrane was downloaded from the OPM web 

server [28] (PDB ID: 5C1M). Firstly, the co-crystal molecule Nanobody39 was deleted, and the 

complex MOR-BU72 was prepared, optimized and minimized with an OPLS3 force field[29] by 

using the protein preparation wizard[30] implemented in Maestro 10.3[31, 32]. The FASTA 

sequence (P35372) of human MOR-1 was taken from UniProt[33], and then human MOR 

homology model was built with above prepared mouse MOR-1 structure as a template by using 

the Prime module of Maestro 10.3. Finally, the human MOR-1 homology structure was further 

optimized and minimized in protein preparation wizard[30]. 

https://www.rcsb.org/pdb/search/smartSubquery.do?smartSearchSubtype=TreeEntityQuery&t=1&n=10090
https://www.uniprot.org/uniprot/P35372
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2.2. Ligand preparation 

    Two dimensional (2D) structures of Morphine and PZM21 were built in 2D sketcher of Maestro, 

and they were converted into 3D structures. The ionization/tautomeric states of the three ligands, 

original crystal ligand BU72, Morphine and PZM21, were generated at pH=7 using Epik (an 

empirical pKa prediction program) calculation [30]. Finally, each ligand was optimized by 

minimizing the potential energy to relax with default parameters.  

2.3. Ligand docking 

    The two receptor grid files were generated respectively from the two prepared receptors, mouse 

MOR-1 (PDB ID: 5C1M) and human MOR-1 homology structure, using Receptor Grid Generation 

program. The original crystal ligand BU72 was selected to specify the active site and the grid box 

was generated around it with a Van der Waals radius scaling factor of 1.0 and a partial charge 

cutoff of 0.25. Then, BU72 was docked to the mouse MOR-1 to validate the docking methodology.  

Next, Morphine and PZM21 were respectively docked to the human MOR-1 homology structure 

using Glide extra precision (XP) docking function with default parameters [34, 35]. The glide-XP-

docking procedure performed a systematic search for the best ligand orientation to simulate the 

most frequently occupied binding pose. Finally, the two Glide XP docking models without crystal 

waters were respectively submitted to the 2 runs of ~3.5 μs MD simulations. 

    Additionally, the crystal waters in binding site are important, since some of them are involved 

in key interactions with the crystallographic ligand BU72 [36], and the induced fit docking can 

more accurately predict ligand binding modes [37], accompanying by the structural changes in the 

receptor, than the Glide XP docking does. In order to consider the effect of the crystal waters on 

the interactions as well as the conformational changes of receptor, the induced fit docking 
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calculations were further performed using XP sore function and trimming of side chains, after the 

Glide XP docking calculations were performed in the presence of the crystal waters within 5Å of 

crystal ligand BU27. The top binding pose with the lowest XP score was selected as the preferred 

induced fit docked pose for each system. Finally, the two preferred induced fit complexes with the 

crystal waters were also respectively submitted to the 2 runs of ~1.0 μs MD simulations. 

2.4. Simulation system setup 

    MD simulations were run for above docked complexes, human MOR-1 homology structure in 

complex with Morphine and PZM21, using the Molecular Dynamics program [38, 39] of Maestro 

10.3. Each complex was placed in a biologically relevant membrane of phosphatidylcholines 

(POPC) lipids[40]  and solvated in an orthorhombic water box with a buffer distance of 10Å using 

simple point-charge (SPC) water model[41]. Then, the system was neutralized using Na+ ions and 

was added with a salt concentration of 0.15 M NaCl. Lastly, an optimized potential for liquid 

simulations 3 (OPLS3) force field[29] was used to model the receptor-ligand-lipid complex.  

2.5. MD Simulation                           

    Using Desmond module, each system was relaxed using default relaxation protocols for 

membrane proteins[42]. In order to avoid possible steric stress, the relaxation protocols were 

performed and included the following stages: (1) the system was minimized with restraints on 

solute heavy atoms and then without any restraints; (2) the system was gradually heated from 0 K 

to 300 K with H2O barrier and gradual restraining; (3) the system was simulated under the NPT 

ensemble (constant number of particles, P=1 bar and T=300 K) with H2O barrier and with heavy 

atoms restrained; (4) the system was simulated under the NPT ensemble with equilibration of 

solvent and lipids, then with protein heavy atoms annealing from 10.0 kcal/mol to 2.0 kcal/mol, 

then with Cα atoms restrained at 2 kcal/mol, and lastly for 1.5 ns with no restraints. After the 
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relaxation, two independent ~3.5 μs (and ~1.0 μs for the systems with the crystal waters) 

production runs for the systems without the crystal waters were conducted under the NPT 

ensemble (P=1 bar and T=310 K) for each of the two systems using the default protocol. During 

the simulation, the M-SHAKE algorithm[43] was used to constrain all covalent bonds including 

hydrogen atoms with a 2.0 fs time step, the k-space Gaussian split Ewald method[44] was used to 

handle long-range electrostatic interactions under a periodic boundary condition with charge grid 

spacing of ~1 Å and the direct sum tolerance of 10-9, and the Van der Waals interactions were 

obeyed a uniform density approximation with a non-bonded cutoff of 9 Å. To reduce overload of 

the computation, non-bonded forces were calculated using an r-RESPA[45] integrator in which 

the short range forces were updated every step and the long range forces were updated every three 

steps. For each ligand, the trajectories were saved at 50.0 ps intervals. 

2.6. Simulation interaction diagram (SID) analysis 

    Desmond SID tool was used to analyze the behavior and interaction of protein and ligand during 

the course of a simulation. The data obtained from the simulation included: root mean square 

deviation (RMSD), ligand-protein contacts (hydrogen bond, hydrophobic, ionic and water-bridge 

contacts), protein Secondary Structure Element (SSE), and Root Mean Square Fluctuation 

(RMSF).  

2.7. Trajectory Clustering Analysis 

    Desmond trajectory clustering tool [46] was used to group complex structures from the 

combined trajectories of each system. A backbone RMSD matrix was used as a structural 

dissimilarity metric, and the hierarchical clustering with average linkage was selected as the 

clustering method with the merging distance cutoff set to 2.5 Å. The centroid structure in the most 

abundant clusters was used to represent the structural family.  
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2.8. MOR conserved residues analysis 

    It is well known that conserved residues are very important in maintaining the function of a 

protein. In order to find the conserved residues of MOR, one sequence alignment between human 

MOR and 64 members in class A GPCR family PFAM (seed) PF00001 database[47], and another 

between human MOR and 11 members in class A GPCR subfamily A4 database, were performed 

by Mafft web service in Jalview program[48]. 

2.9. Dynamical Network Model  

    The MD simulation trajectories of each system were used to generate a dynamic network 

represented by a set of nodes with connecting edges[49-52],  using the NetworkView plugin[53] 

in VMD[54]. In dynamical networks, protein residues and small molecule substrates are 

represented by nodes, and previous studies [49-52] showed the nodes located at specific atoms, Cα 

for protein residue and the center of mass for small molecule, were appropriate. In this study, the 

Cα atoms of MOR were defined as the nodes to represent the residues of the receptor, and the mass 

center atoms (Fig. 1) of Morphine and PZM21, were defined as the nodes to respectively represent 

the two ligands. For each system, a contact map was generated by adding edges between nodes if 

the heavy atoms of two nodes are within 4.5 Å for at least 75% of the MD simulation. The distance 

dij or weight wij of an edge between two nodes (i and j are nodes) is the probability of information 

transfer across the edge and is calculated from the correlation value (Cij) using the program 

Carma[55] with the following calculation: dij = wij =−log(∣ Cij ∣ )[51], where, 𝐶𝑖𝑗 =

 ⟨∆𝑟𝑖⃗⃗⃗⃗ (𝑡)∙∆𝑟𝑗⃗⃗⃗⃗ (𝑡)⟩

(⟨∆𝑟𝑖⃗⃗⃗⃗ (𝑡)2⟩ ⟨∆𝑟𝑗⃗⃗⃗⃗ (𝑡)2⟩)1/2 and ∆𝑟𝑖⃗⃗ (𝑡) = 𝑟𝑖⃗⃗ (𝑡) − ⟨𝑟𝑖⃗⃗ (𝑡)⟩. The thickness of each edge is scaled by distance or 

weight, and thicker edges show greater correlation[50]. 

    The original Network was then further grouped into different sub-networks called communities, 

where nodes had more and stronger connections within their community than to nodes in other 
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communities[52], by using the Girvan-Newman algorithm[56]. Among the nodes in the interface 

between pairs of communities, the ones that transfer a relatively large degree of information across 

their edge are called critical nodes[51]. Since critical node pairs carry out intercommunity cross 

talk, they might be important sites for allosteric signaling transmission. 

    Finally, optimal and suboptimal paths from ligand (or key residue) to molecular switch residue 

(or the intracellular end residue of TM) were generated with edge distances offset of 20 Å, in order 

to identify how the allosteric signals transmit from ligand to intracellular region. A path between 

two nodes is a set of nodes and connecting edges, and the path length is the sum of distances for 

all edges in the path[51]. The shortest path is called optimal path and other slightly longer paths 

are called suboptimal paths[52]. 

2.10. Normal Mode Analysis  

    Normal mode analysis (NMA) [57] is a powerful computational method to investigate the 

vibrational motion of a protein modeled as a harmonic oscillating system that can undergo around 

a stable equilibrium. The trajectories of Morphine and PZM21 systems were submitted to the VMD 

Normal Mode Wizard [58] to generate top five motion modes by using the principal component 

analysis (PCA) [59], a covariance-matrix-based mathematical technique for reducing the 

dimensionality of large datasets of variables.  

 

 

3. Results 

3.1. The homology model of human MOR-1 is credible, and the dockings revealed similar main 

interactions of Morphine and PZM21 with the two residues D1493.32and Y1503.33. 

    Since no high resolution structure of human MOR is present, and sequence alignment between 
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human MOR-1 and mouse MOR-1(5C1M) share 97.6% similarity (Fig. S2), we built a homology 

structure of human MOR-1 based on the crystallographic structure of mouse MOR-1 (5C1M)[60], 

and the two structures were superimposed very well (Fig. S3). Furthermore, when viewing the 

Ramachandran plots of the homology human MOR-1 before and after minimization (Fig. S4), it 

shows that the majority of the black points that represent amino acids are located within the red 

regions indicating sterically favored regions for alpha-helix and beta-sheet conformations 

indicating that there are no steric clashes. While there are a smaller group of black points that are 

located in the yellow regions showing sterically allowed regions.  Whereas, only one black dot and 

two black dots are located in white regions which indicates that they are in the sterically disallowed 

regions before and after minimization using the default parameters, respectively. Additionally, the 

total energy of homology human MOR-1 decreased by 916.36 kcal/mol after minimization. 

Therefore, the built homology structure of human MOR-1 is credible.         

    The Glide XP docking method was validated by docking crystal ligand BU72 back to its protein 

crystal-structure, mouse MOR-1 (PDB: 5C1M). The superimposition of the original crystal ligand 

pose and the newly docked pose shows an excellent overlap with the RMSD value of 0.22 Å, thus 

validating the feasibility of the XP docking method (Fig. S5). Morphine and PZM21 were then 

docked to the human MOR-1 homology structure with the same parameters, producing the most 

frequently occupied binding pose of each ligand in the receptor. Both Morphine and PZM21 

adopted the orthosteric binding site of human MOR-1 and primarily made similar ionic, hydrogen-

bonding and hydrophobic interactions with D1493.32 and Y1503.33, respectively (Fig. S6). Overlap 

of the original crystal complex (5C1M) with the morphine-docked complex reveals a slight 

dissimilarity in orientation of its multi-ring structure to BU72’s (Fig. S7A); overlap of the crystal 

complex with PZM21-docked complex shows reasonable overlap, perhaps facilitated by PZM21’s 
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rotatable structure (Fig. S7B). However, a limitation of Glide XP docking is that the receptor 

protein was treated as a rigid structure without binding-induced conformational change. In reality, 

the receptor is more dynamic and will change conformation to accommodate different ligands. To 

address this limit, two independent ~3.5 μs MD simulations for each of the two docking complexes 

were further carried out to provide more accurate binding poses and conformational changes.   

3.2. The RMSD values showed larger conformation change for PZM21-receptor complex than 

the Morphine-receptor complex. 

    To check convergence of the MD simulations, the RMSD values, averaged over the two 

independent ~3.5 μs MD simulations of receptor protein carbons (Cα) and ligand for Morphine and 

PZM21 systems were calculated (Fig. 2). Relatively flat plots were observed after 1500 ns, 

indicating the two complex systems have reached new steady states. In Morphine system, protein 

RMSD stabilized at 1000 ns and remained stable throughout the simulation at ~3.5 Å; and ligand 

RMSD is stable during the first 2500 ns at ~1.2 Å, and then slightly increases to ~1.5 Å during the 

last 1000 ns MD simulation. In PZM21 system, protein RMSD reached a stable state at ~3.8 Å 

after 800 ns, although it had some fluctuations throughout the remaining simulation; ligand RMSD 

reached a stable state at ~3.5 Å after 1300 ns. Obviously, the ligand RMSD values of PZM21 

system are larger than that of Morphine system, indicating the conformational change of PZM21 

is larger than that of Morphine. In addition, the RMSD plots of the two systems in each MD 

simulation (trajectories 1 and 2) also show relatively flat during the last 500ns (Figs. S8-S9), 

although PZM21 system has some bigger fluctuations.   
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Fig. 2.  RMSD values averaged over two independent ~3.5 μs MD simulations of receptor MOR 

Cα (blue) and ligands (orange) for the Morphine-MOR (A) and PZM21-MOR (B) complexes are 

shown.  

 

3.3. Ligand-receptor interaction data show that PZM21 interacts strongly with Y3287.43of TM7, 

besides the residues (Asp1493.32 and Tyr1503.33) of TM3. 

    The ligand-protein interactions for Morphine and PZM21 complexes during each ~3.5 µs MD 

simulation were calculated using the SID tool. Specifically, the ligand-protein interactions lasting 

more than 20% of each MD simulation are shown in the 2D interaction diagrams as Fig. 3. In 

trajectories 1 and 2, the interaction modes of Morphine in binding site were almost the same, except 

for the hydrogen-bonding interaction with D56N-term in trajectory 1. In contrast, although PZM21 

maintained these key ionic, hydrogen-bonding and hydrophobic interactions with D1493.32 and 

Y1503.33 in the two trajectories as Morphine, its interaction modes were subtly different, i.e., the 
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hydrogen-bond interaction with Y3287.43 enhanced greatly in in trajectories 2. Moreover, the 

interaction histograms along with the fraction of each MD simulation for each type of interaction 

are also shown in Fig.4. Clearly, Morphine and PZM21 have similar interactions with D1493.32 

and Y1503.33. Most opioid ligands with different scaffolds were found to be able to form a 

canonical ionic interaction or H-bond with D1493.32 of opioid receptors [36, 61, 62]. As anticipated, 

both Morphine and PZM21 in both trajectories 1 and 2 did form ionic and hydrogen-bonding 

interactions with D1493.32, with interaction fractions more than 100% for Morphine and more than 

85% for PZM21 (Fig.4). It is known that the active state of agonist-activated GPCR without bound 

to its transducer G protein or arrestin is probably unstable, which is reflected in the agonist’s lower 

binding affinity, such as MOR, with its affinity to agonist BU72 decreased by 47-fold when not 

coupled to the Gi protein[36]. In the case, the interactions of Morphine and PZM21 with D1493.32 

might be dynamic during the simulations due to their typical binding poses of morphinan-

derivatives was not stable enough when without the transducer. Therefore, the ionic interaction 

fraction of Morphine with D1493.32 being only showed ~45% in our simulations is reasonable, 

further indicating that our MD simulation models for the two systems were reliable. 

Simultaneously, both Morphine and PZM21 in both trajectories 1 and 2 form hydrophobic 

interactions with Y1503.33, with interaction fractions more than 75% for Morphine and more than 

60% for PZM21. Specially, PZM21 can strongly form hydrophobic and H-bonding interactions 

with Y3287.43, with interaction fractions more than 40% in trajectory 1 and more than 100% in 

trajectory 2, respectively. The subtle difference in interaction modes between Morphine and 

PZM21 systems might be related to their signal pathways. 

    Of note, the two independent simulations (trajectories 1 and 2) can’t completely reproduce the 

same results, although the key ionic, H-bonding and hydrophobic interactions with D1493.32 and 
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Y1503.33 were maintained during MD simulations. It may be because that the active state of 

agonist-MOR complex in absence of the transducer wasn’t stable enough as its inactive state[36], 

and MD simulation time (several microseconds) is far less than real experimental interaction time 

(a few minutes) due to calculation limitations. 
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Fig. 3. 2D Interaction Diagrams of Morphine and PZM21 systems during the two independent 

~3.5μs MD simulations (Trajectory 1 and Trajectory 2). The Protein-Ligand interactions lasting 

more than 20% of the each MD simulation are shown.  
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Fig. 4. Protein-Ligand interactions (A: Morphine system; B: PZM21 system) of the two 

independent ~3.5 μs MD simulations (Trajectory 1 and Trajectory 2). All residues that interact 

with the ligand are shown in the histogram along with the interactions fraction for each type of 

interaction and some fraction values of key residues are labelled. 

 

3.4. Clustering analysis showed the PZM21’s receptor exhibited more diversified conformations 

and formed a larger intracellular cavity due to the stronger outward bending on the intracellular 

ends of TM5-7.  

    To identify major binding poses for each system, we clustered complex structures from the 2 

runs of ~3.5 µs MD simulations and aligned them. The representative structures in top abundant 

clusters (>5.0%) are shown in Fig. S10. Morphine’s dominant cluster has an abundance of 91.1%, 

with only one other cluster (8.1%); but PZM21 adopts numerous clusters, with its most abundant 

cluster at 35.5%, and following clusters at 21.1%, 8.9%, 8.5% and 7.3%. The result also showed 

that PZM21 system exhibited bigger fluctuations during MD simulations. Although the ligands 

Morphine and PZM21 were all bound to the orthosteric binding site of MOR, the PZM21 exhibited 

more flexible with more diversified conformations than Morphine did. There are existing some 

complicated reasons to make PZM21 fluctuated more during the MD simulations. These possible 

reasons are that, the docked pose of PZM21 is different from the real bound state due to limitation 

of Glide XP docking method or the absence of the crystal waters in the binding sites; the active 

state of PZM21-MOR complex is probably unstable when without coupling its G protein or 

arrestin[36]; the structure of PZM21 is more elongated and flexible than Morphine’s compact rigid 

structure; the function and character of PZM21-MOR complex are different from that of 

Morphine-MOR, and so on. The superimposition of the seven representative structures is shown 

in Fig. S11. In the receptors’ extracellular end (top view), some subtle differences are found in the 

TM1-2 and TM6, along with N-terminal, ECL1 and ECL2. Especially, in the receptors’ 

intracellular end (bottom view), the TM5-7, along with ICL3 and H8, are stretched outward much 
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stronger in PZM21 system, producing a larger cavity to facilitate the binding of G protein. 

Moreover, superimposition of each representative structure in the most abundant cluster for 

Morphine complex (91.1%) and PZM21 complex (35.5%) is shown in Fig. 5, which clearly 

illustrates the subtle differences in ligand-protein contacts. The PZM21 is much elongated with 

phenol group extending to TM5 and thiophene group extending to the middle between TM2 and 

TM7. Meanwhile, except for the conformational differences in the extracellular ends of the TM1-

2 and TM6, the TM5-7 helices along with ICL3 of the PZM21-bound MOR were also clearly 

shown a stronger outward bending on the intracellular side. Therefore, the two representative 

structures in the most abundant clusters can well represent the receptor’s conformations, thus they 

were used for later molecular switch analyses. 

    In addition, the representative structures of receptor in the most abundant clusters of the two 

systems as well as the active MOR were also superimposed for comparison (Fig. S12). Some 

differences are also found at the extracellular end of TM1-2 and TM6 of PZM21-bound MOR (top 

view). Especially, when taking the active MOR as a reference, the intracellular end of TM5-7 and 

ICL3 of PZM21-bound MOR are stretched outward, but that of Morphine-bound MOR are 

stretched intward (bottom view). Therefore, The PZM21-bound MOR’s intracellular ends of TM5-

7 helice were bent outward more strongly even than active MOR. 

  



20 
 

Top View Bottom View 

 

  

 
 

Side View (TM1, 2, 3, 4) Side View (TM5, 6, 7) 

  

 

Fig. 5. The representative structures of the most abundant clusters for the Morphine (cyan) and 

PZM21 (yellow) complexes are superimposed. The receptors are represented by ribbon and the 

ligands are represented by sticks with the same color as its receptor. For clarity, some intracellular 

and extracellular loops were omitted and the differences in TMs are marked by arrows. 
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3.5. The protein Secondary Structure Element (SSE) analyses also identified that the TM5-7 

helices of the two systems showed some differences.  

    In order to investigate differences on the secondary structure of the receptor, the protein SSE 

analysis in Fig. 6 for the two systems throughout the two independent ~3.5 µs simulations was 

also calculated using the SID tool. Noticeable changes in helical structures are observed primarily 

at TM1-2, TM5-7 and H8. In PZM21 system, the TM1, TM5, ICL2-3 and H8 display greater SSEs 

indicating increased helical structures of the receptor at these areas, but the TM2 and TM6-7 show 

smaller SSEs indicating a loss of helical structures with increase of coil structures. These are 

consistent with the clustering result that PZM21 system’s ICL2 and H8 displayed helical structures 

but its upper part of TM2 displayed a coil as shown in Fig. 5. Moreover, these SSE percentage 

changes of secondary structure must cause relevant changes in corresponding TMs in 3D structure, 

which could explain why the conformation differences in helices were shown at the TM1-2, TM5-

7 and H8 (Fig. 5).  

    It is noted that the role of solvents in the disruption of the SSEs in the two systems was ignored 

in the study. That is because each of the two complexes was placed in the same solvent 

environment (POPC lipids, an orthorhombic SPC water box with a buffer distance of 10Å, 0.15 M 

NaCl salt concentration) in the MD simulations and the same solvent environment would produce 

the same effect on the two complexes.  
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Fig. 6. Protein secondary structure comparison between Morphine system and PZM21 system. 

Protein Secondary Structure Element (SSE) distributions by residues for each system throughout 

the two independent ~3.5 µs simulation are shown, where the α-helices are represented in red and 

the β-strands are represented in blue. Moreover, the differences are marked by black arrows and 

the above MOR architecture is for reference. 

 

3.6. Protein and ligand RMSF data showed that ligand PZM21 and its receptor’s TM5-6 

exhibited larger fluctuations compared with Morphine system.  

    To detect structural fluctuation of protein, the average protein Cα RMSF values were calculated 

using the SID tool to analyze the fluctuation differences in the two systems during the two 

independent ~3.5 μs MD simulations (Fig. 7). In general, the terminal and loops exhibit higher 

fluctuation than the TM helices. The greatest RMSF values are exhibited in ICL3, meaning that 

ICL3 made the greatest fluctuation during the MD simulations. Interesting, the TM5-6 along with 

ICL3 display greater RMSF values in PZM21 system compare with Morphine system, which may 

be correlated with their stronger outward bending.  
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Generally speaking, the RMSF magnitude of the ligand is related to its fluctuation in the binding 

site. Obviously, the average atom RMSF values of PZM21 are all bigger than that of Morphine 

(Fig. 8). This indicated that PZM21, especially for its phenol group, was more fluctuated in the 

binding site during the MD simulations, thereby adopting more binding poses as shown as Fig. 

S10.  

 

Fig. 7. The protein root mean square fluctuation (RMSF) values, averaged over the two 

independent ~3.5 μs MD simulations of Morphine system (blue) and PZM21 system (orange).  In 

addition, the above MOR architecture is for reference. 

 

 

  

Fig. 8. The ligand atom root mean square fluctuation (RMSF) values, averaged over the two 

independent ~3.5 μs MD simulations of Morphine (blue) and PZM21 (orange). 

Morphine 
PZM21 
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3.7. The differences in the ionic lock (DRY), transmission (CWXP) and Tyr toggle (NPXXY) 

switches between the two systems may be important for PZM21’s G protein biased signaling 

pathway.  

    Compared with inactive MOR structure (4DKL), the representatively active MOR structures 

bound with Morphine and PZM21 showed the primary differences on the intracellular ends of 

TM5-7, with TM5 bending toward TM6, TM6 bending outward, and TM7 bending inward, from 

the bottom view in Fig. 9. This kind of TM movement was appeared on most active GPCR 

structures[63]. In addition, the TM5-6 helices of the PZM21-bound MOR were bent outward 

stronger than the Morphine-bound MOR, but its TM7 was bent inward weaker, leading to the 

larger cavity in the intracellular end of PZM21-bound MOR. 
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Fig. 9. The Morphine (cyan) and PZM21 (yellow) systems’ representative structures of the most 

abundant clusters obtained from the two independent ~3.5 μs MD simulations, as well as inactive 

MOR structure (4DKL, purple). These are superimposed for comparison from different views, 

where molecular switches are compared with each other. Some important distances are marked by 

Side View Bottom View 
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dotted lines and corresponding distance values are also shown.  

 

    GPCRs was considered to be able to alternate between the inactive and active states via the 

conversion of some special molecular switches, and these switches communicate throughout the 

TM region and play a crucial role in transmitting signals from the extracellular ligand binding site 

to the cytoplasmic G-protein or arrestin binding site[64]. In Fig. 9, the larger differences in the 

two systems appeared at the the ionic lock (DRY), transmission (CWXP) and Tyr toggle (NPXXY) 

switches, and PZM21-activated MOR showed stronger outward movement of TM6 intercellular 

end, stronger rotation of W2956.48 to TM5, and weaker inward movement of Y3887.53. The 

transmission switch activation is characterized by the outward movement and rotation of TM6. 

Along with W2956.48 rotating toward TM5, the R2756.28 outward movement distance of PZM21-

bound MOR (13.02 Å) from the inactive state was almost twice that of Morphine-bound MOR 

(7.05 Å). The ionic lock switch is a salt bridge formed between R3.50 and E6.30 in an inactive state, 

but the acidic residue in position 6.30 is conserved in only about 30% of GPCRs[65]. Instead, the 

hydrogen bonding interaction between R3.50 and T6.34 in MOR or KOR may be also important for 

regulating receptor signaling[65]. The ionic lock switch activation is characterized by its 

disruption. Accompanied by the stronger outward movement of TM6, the hydrogen bond distance 

between R1673.50 and T2816.34 of PZM21-bound MOR (16.90 Å) was longer than that of 

Morphine-bound MOR (13.19 Å). The Tyr toggle switch activation is characterized by the inward 

movement of TM7. The Y3387.53 distance of PZM21-bound MOR (5.98 Å) from the inactive state 

was smaller than that of Morphine-bound MOR (7.05 Å), due to the weaker inward movement of 

TM7. Therefore, the main players important for PZM21’s G protein biased signaling pathway may 

be ionic lock, transmission, and Tyr toggle switches. 
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    Usually, during the activation of GPCR, the outward movement and rotation of TM6 make the 

distance of ionic-lock residues (R3.50 – E6.30 or R3.50 – T6.34) increase and the distance of 

transmission-switch residues (W6.48 – P5.50) decrease, and the inward movement of TM7 make the 

distance of Tyr toggle switch residues (Y7.53 – Y5.58) decrease[64]. Herein, the distances of the three 

molecular switches throughout our MD simulations were measured, as shown in Fig. S13. In 

PZM21 system, the distances between ionic-lock residues (i.e., the hydrogen bond distance 

between R1673.50 and T2816.34) of trajectory 1 increased to ~19.5 Å at last 500 ns, but that of 

trajectory 2 fluctuated around 12 Å. It meant that the distance dynamics in the two trajectories of 

PZM21 system were different at last 500 ns, one increased and one decreased. In contrast, the 

distance dynamics in the two trajectories of Morphine system were relatively similar. This result 

showed that the distance of PZM21 system exhibited bigger fluctuations during the MD 

simulations. Compared the distances averaged over the two trajectories for the two systems, the 

mean distances during the whole 3.5 µs and the last 500 ns of PZM21 system (14.4 and 15.7 Å) 

were respectively longer than that of Morphine system (14.2 and 14.7 Å), which potentially agreed 

with the stronger TM6 outward movement of PZM21 system (Fig. S11). Similarly, the distances 

between transmission-switch residues (i.e., the geometric center distance of W2956.48 and P2465.50) 

of PZM21 system also exhibited bigger fluctuations during the MD simulations than that of 

Morphine system. During the last 500 ns, the mean distance averaged over the two trajectories of 

PZM21 system (8.1 Å) are shorter than that of Morphine system (9.1 Å), which might be 

accompanied by the stronger rotation of W2956.48 of PZM21 system. In addition, for the two 

systems, the distances between Tyr toggle switch residues (i.e., the O atoms distance between 

Y3387.53 and Y2545.58) in the two trajectories, all exhibited big fluctuations. While, during the last 

500 ns, the distances averaged over the two trajectories of PZM21 system, with mean distance of 
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6.3 Å, are longer than that of Morphine system, with mean distance of 4.0 Å, which might be 

correlative with the weaker inward movement of Y3387.53 of PZM21 system. Therefore, these 

distances of molecular switches could reflect well the outward movements of TM5-7 in PZM21 

system shown in representative structures (Fig.9). 

3.8. The MOR conserved residues in class A GPCR and subfamily A4 were obtained by sequence 

alignments.  

    The results of the two sequence alignments, one being between human MOR and 64 members 

in class A GPCR family PFAM (seed) PF00001 database, another being between human MOR 

and other 11 members in class A GPCR subfamily A4 database, are respectively shown in Fig. 

S14 and Fig. S15, from which the related percentage identity of MOR residues were obtained and 

shown in Table S1. Subsequently, based on the percentage identity cutoff value of 50%, the MOR 

conserved residues for class A GPCR and only just for subfamily A4 were respectively selected 

out in Table S2 and Table S3. Clearly, the residues of ionic lock (DRY), transmission (CWXP) 

and Tyr toggle (NPXXY) molecular switches are conserved in class A GPCR. 

3.9. The distance analyses for 34 residue pairs with conserved change upon activation showed 

distance increase of some inter-helical residue pairs in PZM21 system. 

    Recently, Zhou et al. discovered a common and conserved class A GPCR activation pathway 

comprised of 34 residue pairs with conserved rearrangement upon activation[66]. In order to 

explore the activation pathway difference between Morphine and PZM21 systems, the geometric 

center distances of the 34 conserved residue pairs during the MD simulations (trajectories 1 and 

2) and related average distances were measured in Fig. S16. It is easy to find that most of distances 

showed similar dynamic trend in the two trajectories, but some distances, especially for V2876.40–
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N3347.49 and Y3387.53–F3458.50 of Morphine system, V2475.51–F2916.44 and T2515.55–V2886.41 of 

PZM21 system, exhibited larger dynamic difference, thus it is more reasonable to analyze the 

average distances averaged over the two trajectories. In order to clearly compare the distance 

changes between the two systems, the average distances during the first 500 ns, last 500 ns and 

whole 3.5 μs, and related distance changes were further calculated in Table S4. For the distance 

change values between first 500 ns and last 500 ns, all distance changes of Morphine system are 

smaller, within ±1Å, but some distance change of PZM21 system are larger with more than 1Å or 

less than -1Å, especially for the distances R1673.50–Y3387.53 and T2515.55–V2886.41 with more than 

3Å . It means that Morphine system can maintain the distances of the 34 residue pairs in a whole, 

but PZM21 system can’t. The residue pairs of PZM21 system with larger distance change (more 

than 1Å or less than -1Å) between first 500 ns and last 500 ns were selected out and shown in Fig. 

S17. Obviously, out of these 15 residue pairs, 13 residue pairs increased their distances, which 

would decrease the contacts between TMs and potentially cause the movements of TMs. To 

achieve a more reliable conclusion, the average distances during the whole 3.5 μs were further 

compared between the two systems (Table S4). There are five inter-helical residue pairs’ distance 

difference values bigger than 1Å, but only one intra-helical residue pair is smaller than -1Å. It 

means that the distances of the five residue pairs in PZM21 system increased but one residue pair 

decreased when compared with Morphine system (Fig. 10). Similarly, along with the distance 

increase of the five inter-helical residue pairs during the whole MD simulations, the PZM21 system 

would decrease the contacts among TMs and easily cause the outward movements of TMs, 

potentially leading to the appearance of the larger cavity at the intracellular end of PZM21-bound 

MOR (Fig. 9) and simultaneously affecting its activation pathway. 
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Fig. 10. Compared with Morphine system, the 6 residue pairs of PZM21 system with larger 

distance difference (more than 1Å or less than -1Å) during the whole ~3.5 μs MD simulations are 

displayed. 

 

3.10. The distributions of structural communities are clearly different between the Morphine 

and PZM21 systems, which are closely correlated with the different movements of their TMs.      

    To decipher allosteric signal transmission pathway, the network models weighted by correlated 

motion from the two independent ~3.5 μs MD simulations were calculated (Fig. S18), where 

thicker edges indicate higher correlation between two nodes. The weighted network models of the 

Morphine and PZM21 systems show similar correlations, that is, both top and bottom sections of 

7TMs exhibit higher correlations with thicker edges than the middle sections.  

     The weighted network was then divided into disjoint sub-networks called communities in which 

nodes connect more frequently and strongly in the same community than to nodes in other 

community. There are nine communities for the two systems, four associated with the top sections 

and five associated with the bottom sections (Fig. 11). However, the detailed distributions of their 
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communities are clearly different. The Morphine system shows the bottom sections of TM6 and 

TM7, and H8 are in the same community (green), whereas the PZM21 system separated them, one 

(orange) containing the bottom section of TM6 and ICL3, and another (yellow) containing the 

bottom sections of TM7 and TM1, H8, and the middle section of TM2. It means that the connection 

between the TM6 and TM7 of PZM21 system is weaker than that of Morphine system, so that the 

stronger outward bending for the bottom section of TM6 along with ICL3 in PZM21 system was 

found. Similarly, the Morphine system shows the bottom sections of TM3 and TM5, and ICL2 are 

in the same community (red), whereas the PZM21 system separated them, one (white) containing 

the bottom section of TM3 and ICL2, and another (tan) containing the nearly whole TM5. It means 

the bottom sections of TM3 and TM5 of PZM21system are more flexible, so that the more 

obviously outward shift of the bottom section of TM5 in PZM21 system was found.  
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Communities in different side views  Critical Nodes and Edges 

  

 

 
 

 

  
 

 

Fig. 11.   Structural communities separated by color with the critical nodes and edges in purple are 

shown for the Morphine (A) and PZM21 (B) systems. The connection between nodes in the same 

community is stronger than different communities. Critical nodes represent the strongest signal 

connection between different communities.  
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3.11. The critical nodes analyses identified that most critical nodes in the two systems are 

conserved, which may be very important for their signal transduction.  

    Critical node pairs are the strongest signal connection between different communities to carry 

out intercommunity cross talk, so they may play a significant role in signal transduction between 

different parts of receptor. From above community analysis, there were 43 critical nodes in the 

Morphine system and 44 in the PZM21 system, where 13 critical nodes are common in both 

systems (Table 1).  Since highly conserved residues are critical for activation of GPCRs, these 

critical nodes were then cross referenced with the literatures [8, 67, 68] and our sequence alignment 

analyses (Tables S2-S3) to identify the key residues that involved in the activation of GPCRs. In 

Table 1, the Morphine system had 31 critical nodes that conserved or were associated with switch 

motifs, and PZM21 system had 27.  

 

Table 1. Critical nodes of the Morphine and PZM21 systems from the dynamics network analysis. 

The residues being in conserved network of non-covalent contacts or highly conserved are 

displayed in bold, and the residues associated with switch motifs are underlined. 

 Morphine system PZM21 system 
Common  D56N-term, L58 N-term , D1162.50, I1483.31, M1533.36, I1573.40, L1603.43, M2074.63, F223ECL2, V2385.42, 

F2916.44, S3317.46, L3377.52 

N-term  P60 N-term 

TM1 V801.42 V911.53, M921.54,V941.56, I951.57 

ICL1  T99 ICL1 

TM2 I1072.41, F1102.44, N1112.45, A1192.53, T1222.56 I1092.43, L1122.46, L1142.48, P1242.58, V1282.62, 1302.64 

TM3 N1523.35, F1543.37, S1563.39, F1583.41, C1613.44 D1493.32, Y1503.33, Y1513.34, M1633.46, R1673.50 

TM4 N1904.46, N1934.49, L1964.52, S1974.53   
ECL2  R213ECL2, T220 ECL2 

TM5 N2325.36, L2345.38, F2415.45, P2465.50, 

I2505.54, Y2545.58, I2585.62, V2645.68 

M2575.61, L2615.65 

ICL3 M266ICL3  

TM6 K2736.26, R2756.28, H2996.52, A3066.59 V2876.40, V2886.41, I2926.45, W2956.48, I2986.51 

TM7 T3297.44, N3347.49 W3207.35, H3217.36,Y3287.43, N3307.45,Y3387.53 
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3.12. Optimal and suboptimal paths revealed that the transmission of allosteric signals between 

the two systems were slightly different.  

    In order to identify how the allosteric signals transmit from ligand binding pocket to intracellular 

region, the optimal (the shortest) and suboptimal (slightly longer) paths from the ligand to the 

residue of each molecular switch (ionic lock switch: R1673.50 of TM3; Y2545.58 of TM5; 

transmission switch: T2816.34 of TM6; Tyrosine toggle switch: Y3387.53 of TM7) were calculated 

(Fig. 12). For the signals to R1673.50 of TM3, Morphine’s paths pass directly through the TM3, 

while PZM21’s paths primarily pass through TM6. Similarly, for the signals to Y2545.58 of TM5, 

Morphine’s paths reach TM5 by crossing TM3, but PZM21’s paths need to cross TM7 and TM6. 

For the signals to T2816.34 of TM6, the optimal paths of the two systems are roughly similar by 

crossing TM7 to get TM6, except for three different residues. For the signals to Y3387.53 of TM7, 

Morphine goes primarily along TM3, TM2 and TM7, whereas PZM21 goes directly along TM7. 

Therefore, these network paths to the intracellular ends of the three TMs (TM3, TM5 and TM7) 

are different between the two systems, but the two systems’ optimal paths to the transmission 

switch in the intracellular end of TM6 were similar. On the other hand, some edges in network 

paths of PZM21 are thinner than that of Morphine (including the edges connecting W2956.48 and 

I1573.40, V2886.41 and Y2545.58, PZM21 and Y3287.43), thereby the thinner network signals from 

PZM21 to the molecular switches of TM3, TM5 and TM7 were a little bit weaker than that from 

Morphine. In addition, most residues involved in above optimal paths to TM3, TM5, TM6 and 

TM7 are conserved (Fig. 12), supporting that allosteric signaling is evolutionarily conserved for 

GPCRs [69].  

  Since previous study showed that the conformation of TM6 is related to the efficiency of G 

protein coupling and the conformation of TM7 is related to the efficiency of arrestin coupling[70], 
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we further calculated the network paths from the key contact residues D1493.32 and Y1503.33 to the 

end of TM6 (S2706.23) and TM7 (L3417.56) (Fig. S19). For the two systems, the paths from D1493.32 

or Y1503.33 to the end of TM6 (S2706.23) are roughly similar with most network nodes locating at 

TM3 and TM6, while the paths to the end of TM7 (L3417.56) are different with most network nodes 

for Morphine system locating at TM3 but for PZM21 system locating at TM7. These different 

network paths to the intracellular end of MOR might cause the differences in allosteric signal 

transmission between the two systems.  
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From ligand to R1673.50  

(ionic Lock Switch) 

From ligand to Y2545.58 

(ionic Lock Switch) 

From ligand to T2816.34 

(transmission Switch)  

From ligand to Y3387.53  

(Tyrosine toggle Switch) 

 

 
 

 

 

 

 

 

  
 

 

Fig. 12. The optimal (red) and suboptimal (blue) paths from the ligands to molecular switch 

residues of TM3 (R1673.50), TM5 (Y2545.58), TM6 (T2816.34) and TM7 (Y3387.53) during the two 

independent ~3.5 μs MD simulations of the morphine (top row) and PZM21 (bottom row) complex 

systems. The residues in optimal path (red) are labelled in black, where conserved residues are 

noted by red asterisks. The residues correlating with the ligands in suboptimal path (blue) are 

labelled in blue.  

 

3.13. Principal component analysis (PCA) of Morphine and PZM21 systems revealed significant 
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    To further probe the overall motion of the receptor, the PCA based on the two independent ~3.5 

μs MD trajectories of the Morphine and PZM21 systems was performed and generated the top five 

motion modes for each system in Fig. 13, showing that the greater fluctuation are primarily located 

at the intracellular ends of TM5-6, ICL3 and terminals. Especially, the modes 1 (the lowest 

energetic modes) showed that the intracellular ends of TM5-6 and ICL3 of the PZM21-bound 

MOR exhibited stronger fluctuation, due to the more directional vectors in this region. Moreover, 

the vivid movements of the modes 1 further clearly showed that the intracellular ends of TM5-6 

and ICL3 of PZM21-bound MOR moved outward more strongly than that of Morphine-bound 

MOR (Movies 1 and 2). 
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Fig. 13. The top five motion modes based on principal component analysis (PCA) performed using 

VMD’s normal mode wizard for the two independent ~3.5 μs MD trajectories for Morphine and 

PZM21 systems. The color scheme is as follows: blue- low movement, grey- moderate movement, 

red-maximum movement. Vectors of 3.5 Å or greater are shown and represent the directionality 

of movement, where longer vectors represent greater fluctuations.  
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presence of crystal waters were further performed to decipher more precise interactions of  

Morphine and PZM21 with the receptor, and the corresponding results are shown in Fig. S20 and 

Fig. S21, respectively. Here, Morphine and PZM21 primarily form similar ionic, hydrogen-

bonding and hydrophobic interactions with D1493.32 and Y1503.33, similar to the results of above 

Glide XP dockings in absence of crystal waters (Fig. S6), except that there are additional 

hydrogen-bonding interactions between hydroxyl groups of the ligands and some crystal waters. 

In addition, overlap of the Glide XP pose with the induced fit pose, both in presence of crystal 

waters, shows similar binding poses for each system (Fig. S22); overlap of the Glide XP docked 

pose in absence of crystal waters with the induced fit docked pose in presence of crystal waters 

shows similar scaffold orientations of binding poses for each system (Fig. S23). Therefore, the 

two ligands’ interaction modes of induced fit dockings with crystal waters are respectively in good 

agreement with that of above Glide XP dockings without crystal waters.  

3.14. The MD simulations of the two systems with the crystal waters showed similar results to 

the systems without the crystal waters. 

    The RMSD plots of the protein and ligand averaged over the two independent ~1.0 μs MD 

simulations are relatively flat during the last 100 ns (Fig. S23), indicating that each of the two 

systems in presence of crystal waters have reached a relatively stable state. The ligand-protein 

interactions for Morphine and PZM21 complexes with crystal waters during each ~1.0 μs MD 

simulation are shown in Fig. S24. In the trajectories 1 and 2, the Morphine and PZM21 can keep 

forming dominant hydrogen-bonding and hydrophobic interactions with D1493.32 and Y1503.33, 

with higher interaction fractions than other residues. Of note, the PZM21 could form strong 

hydrogen-bond interaction with Y3287.43, but Morphine couldn’t.  Indeed, the interaction modes 

are similar to that obtained from the above ~3.5 μs MD simulations in absence of crystal waters 
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(Figs. 3-4), except that there are stronger crystal-water mediated hydrogen bonds with K2355.39 

and H2996.52, which potentially help to fix the ligand in the binding site to decrease the ligand’s 

fluctuation during the MD simulations. 

   During the 2 runs of ~1.0 µs MD simulations, both Morphine and PZM21 adopt three clusters 

and the representative structures in each cluster are shown in Fig. S25. The dominant clusters of 

Morphine and PZM21 systems have 80.6% and 70.1% conformations, respectively. In each 

system, the superimposition of the three representative structures shows that the three binding 

poses of Morphine or PZM21 are similar, meaning that the interaction between the ligand and the 

receptor is relatively stable during the MD simulations. Obviously, compared with the above ~7.0 

µs MD simulations, the PZM21 exhibited smaller fluctuation, likely due to the presence of the 

crystal waters in the binding site.  

    Moreover, the superimposition of each representative structure in the most abundant cluster of 

Morphine and PZM21 systems during the additional MD simulations also clearly illustrates the 

intracellular end of TM5-6 along with ICL3 of PZM21-bound MOR are stretched more outward 

than that of Morphine-bound MOR (Fig. S26). The binding conformations of Morphine and 

PZM21 show that the positions of their phenolic hydroxyls and tertiary amino groups are similar, 

respectively, which allows the tertiary amine group to interact with D1493.32 and Y1503.33, and the 

phenolic hydroxyl to interact indirectly with K2355.39 and H2996.52, mediated by two crystal waters. 

In addition, the superimpositions of the most abundant cluster’s representative Morphine 

complexes and PZM21 complexes in two different situations (i.e., one situation includes the crystal 

waters but another does not), show that the two binding conformations of Morphine are similar 

(Fig. S27); the two binding conformations of PZM21 are different but with similar scaffold 

orientations of their phenolic hydroxyls and tertiary amino groups (Fig. S28). Therefore, in the 
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two different situations with the crystal waters or not, the preferred complex conformations of each 

system are, globally, similar. 

3.15. The network analysis and PCA of the Morphine and PZM21 systems with the crystal 

waters also showed similar results to the systems without the crystal waters.  

    The optimal and suboptimal paths from the ligand to the molecular-switch residues in TM6-7 

of the two systems with crystal waters were also analyzed (Fig. S29). For the signals to T2816.34 

of TM6, the optimal paths of the two systems pass through four same residues of TM6, and the 

Morphine’s optimal path is one of the PZM21’s suboptimal paths. For the signals to Y3387.53 of 

TM7, Morphine’s optimal path goes primarily along TM3, TM2 and TM7, whereas PZM21’s goes 

directly along TM7. Therefore, for the two systems in presence of crystal waters, the signals to the 

intracellular end of TM6 are similar, but to the intracellular end of TM7 are different. The result 

is in good agreement with the above network analyses without crystal waters. Moreover, the 

PZM21’s optimal paths to TM7 in the two situations (with crystal waters or not) are the same; the 

Morphine’s suboptimal paths to TM7 with crystal waters and its suboptimal paths to TM7 without 

crystal waters is also the same. It could be speculated that these crystal waters likely do not play 

an important role in affecting the signal pathway bias. 

     As the result from the above PCA of Morphine and PZM21 systems without crystals waters, 

the top PCA Modes 1 of the two systems with crystals waters also show that PZM21-bound MOR 

moves outward more strongly with more vectors in this region (Fig. S30). This result also could 

be identified by the vivid movements of Modes 1 of the two systems (Movies 3 and 4). 

 

4. Discussion  
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    Morphine and other opioids produce effective analgesia but accompanied by the risk of drug 

resistance, dependence, and other adverse effects through prolonged use. Discovering and 

optimizing new lead compounds that bind to opioid receptors and produce analgesia with 

minimized side effects are in critical need. Recently, PZM21 as a potential candidate showed 

effective analgesia but minimal adverse side effects. However, high resolution complex structure 

of a PZM21-MOR system is not yet available, so in this study we used homology modeling, 

molecular docking and MD simulations to probe detailed structural and dynamic insights of the 

PZM21-MOR system, and to present information about the preferred PZM21-bound MOR 

conformation and the allosteric signal transmission for G protein biased pathway. 

   Solution-state NMR has shown that conformational change of MOR to a fully active state 

(especially the TM6 outward displacement) was not related to the agonist BU72 binding alone but 

rather depend on the presence of both the agonist and the transducer (G protein, arrestin or their 

mimetic nanobody), revealing a weak allosteric coupling between the agonist-binding site and the 

intracellular transducer-coupling interface[71]. This loose allosteric coupling can be demonstrated 

by another experimental result showing that agonist-bound β2-adrenergic receptor (β2AR) shift the 

conformational equilibrium toward a conformation capable of coupling G protein, but they do so 

incompletely with increased conformational heterogeneity and the coexistence of inactive, 

intermediate and active states[72]. Like the β2AR, the agonist-bound human A2A adenosine 

receptor (A2AAR) is also involved in both induced fit and re-equilibration of conformational 

ensembles [73]. In addition, the loose allosteric coupling also could be visualized in MD 

simulations showing that an agonist-bound β2AR transitioned spontaneously from an active state 

to an inactive state on time-scales of several microseconds; and most of the receptor population 

remains inactive in the absence of a G protein or G protein-mimetic nanobody, although agonist 
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binding likely increases the fraction of active receptors[74]. All these results implied that the active 

state of agonist-MOR complex in absence of the transducer wasn’t stable enough as its inactive 

state; the agonist-MOR complex coexists in multiple conformations including inactive, 

intermediate and active states; and the allosteric coupling was weak. Therefore, it is reasonable 

that the two agonist-MOR complexes in our simulations adopted active-like conformations with 

the hallmark outward movement of TM6[63, 66] (Fig. 9); the PZM21-bound MOR appeared very 

mobile with five conformational clusters in our MD simulations; and some of the edges in our 

network pathways were very thin, suggesting that they are weak links in the pathway. 

    The current study aims at the agonist-bound active state without G protein/arrestin/nanobody. 

If the simulation time is long enough, the active state would likely transition to its more stable 

inactive state. However, the bias activation mechanism of MOR is closely related to the active 

conformations of the agonist-MOR complex, thus the agonist-MOR complex here doesn’t have to 

achieve its final inactive state during the MD simulations. Although our simulations had not 

achieved their final inactive state by 2 runs of ~3.5 μs, they showed the dynamics and 

conformations of the active-like agonist-MOR complex. Moreover, relatively flat plots of average 

RMSD values after 1500 ns were observed, indicating the two complex systems have achieved 

relatively steady states. Therefore, the timescales (~3.5 μs) of our simulations were appropriate, 

and the differences between morphine and PMZ21-bound MORs observed here can be used to 

analyze their bias activation mechanisms. 

    The previous studies have shown that most opioid ligands can form a salt bridge or H-bond with 

D1493.32 of opioid receptors [36, 61, 62], and the results from our MD simulations identified that 

Morphine and PZM21 did form the critical interactions (Fig. 3). Moreover, residues D1493.32, 

M1533.36 and I2986.51 were determined as crucial residues for Morphine activity by site-directed 
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mutagenesis study[75], and these residues were also involved in Morphine’s interactions from our 

MD simulations (Fig. 4). Therefore, our calculation results from the homology modeling, Glide 

XP docking and MD simulations are credible.  

    The MD simulations of the two systems uncovered specific receptor conformations and ligand-

protein interactions. The key residues D1493.32 and Y1503.33 of TM3 are conserved in both 

Morphine and PZM21 systems and comprise the strongest and most prevelant interactions (Fig. 

4), indicating the interactions with D1493.32 and Y1503.33 are crucial for the activation of MOR. 

However, compared with the compact rigid structure Morphine, the elongated structure PZM21 

was exhibited greater fluctuation and flexibility with greater ligand RMSD (Fig. 2) and RMSF 

values (Fig. 8). As a result, the interaction mode of PZM21 showed slightly different from that of 

Morphine, i.e., PZM21 has strong interactions with Y3287.43 of TM7 (Fig. 4). This difference in 

ligand-binding modes would potentially affect their allosteric networks involved in the receptor’s 

activation signaling pathways.  

  The dynamics of PZM21 and Morphine in complex with MOR were different from each other 

during our MD simulations. First, PZM21-MOR complex adopted more conformational clusters 

than Morphine-MOR complex (Fig. S14), meaning that the active states of PZM21-MOR complex 

exhibited stronger fluctuation. Second, the most notable conformational change of the receptor in 

the PZM21-MOR complex was located at the intracellular ends of TM5-7 being bent outwards 

and creating a wider opening (Fig. S11). Meanwhile, the two systems are also shown some 

differences at TM5-7 from the protein SSE analyses (Fig. 6). In addition, PZM21-bound MOR 

exhibited larger fluctuations at TM5-6 from the protein RMSF data (Fig. 7). These different TM5-

7 changes in the two systems might be correlative with their molecular switches, so it was very 

necessary to carry out molecular switches analyses. 
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  The representative structures of the most abundant clusters in the two systems further verified  

that the active MOR structures appeared some common characters of active GPCR structures, 

including TM5 bending toward TM6, TM6 bending outward, and TM7 bending inward (Fig. 9).  

The larger differences in the two systems appeared at the ionic lock, transmission and Tyr toggle 

switches, and PZM21-activated MOR showed more obvious outward movement of TM6 

intercellular end, rotation of W2956.48, and inward movement of Y3887.53. Moreover, the distances 

of these molecular switches throughout our MD simulations were further measured. As 

anticipated, the average distances of ionic lock and Tyr toggle switches of PZM21 systems were 

longer than that of Morphine system, but the average distances of transmission switch was shorter 

, especially in the last 500 ns (Fig. S13). As a result, PZM21-bound MOR’s TM5-6 helices were 

bent outward more, but its TM7 was bent inward less. Simultaneously, the movements of the 

lowest energetic PCA modes (Modes 1) clearly showed that the intracellular ends of TM5-6 and 

ICL3 of PZM21-bound MOR bent outward more strongly than that of Morphine-bound MOR (Fig. 

13 and Movies 1 and 2). In addition, the geometric center distances of the 34 conserved residue 

pairs throughout our MD simulations are shown that the distances of the five conserved inter-

helical residue pairs in PZM21 system increased when compared with Morphine system (Fig. 10). 

So that the PZM21 system would decrease the contacts among TMs and easily cause the outward 

movements of TMs, potentially leading to the appearance of the larger cavity at the intracellular 

end of PZM21-bound MOR (Fig. 9). Therefore, an observed feature of human MOR activation 

from our MD simulations is a greater opening of the intracellular end for the PZM21-bound MOR, 

which will facilitate G protein binding. The result is in good agreement with the previous NMR 

result revealing that the intracellular cavity of MOR coupled with Morphine or another biased 

agonist TRV130 existed in an equilibrium between closed and multiple open conformations, and 
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the equilibrium within the open conformations of TRV130-bound MOR were shifted toward the 

conformations with a larger intracellular cavity than that of Morphine-bound MOR[27].  

   Based on 19F-NMR signals, Liu et al. observed that unbiased agonists affected the 

conformational states of TM6 and TM7 in β2AR, and β-arrestin-biased ligands predominantly 

impact the conformational states of TM7[70]. Similarly, Rahmeh et al. proposed that the signal 

pathways of biased ligands depend on the effect they trigger in the TM6 (GS protein pathway) and 

TM7-H8 (arrestin pathway). They used two fluorescence-based approaches to study the arginine-

vasopressin type 2 receptor (V2R), showing that the unbiased agonist natural hormone arginine-

vasopressin (AVP, Gs agonist and β-arrestin agonist) able to activate the two signaling pathways 

by triggering TM6 and TM7-H8 domains, but the biased agonist MCF14 (Gs agonist and arrestin 

antagonist) is only able to trigger the TM6 domain [76]. Particularly, the degree of the outward 

movement of TM6 in arrestin-bound rhodopsin is smaller than that in G protein-bound β2AR, 

suggesting that arrestin recognizes a GPCR that exhibits a relatively small outward movement of 

TM6 [77]. Although our MD simulations of the two systems showed large outward movement of 

TM6 and inward movement of TM7 in comparison with the inactive MOR structure, the 

intracellular TM6 of PZM21-bound MOR moved outward more than that of Morphine-bound 

MOR, and the intracellular TM7 of Morphine-bound MOR moved inward more than that of 

PZM21-bound MOR (Fig. 9). It is known that molecular movements as small as 1Å can lead to 

profound modifications on the activity of receptors[78]. Therefore, according to the different 

conformational changes of TM6 and TM7, it can be speculated that the PZM21 system with larger 

outward movement of TM6 may be more favorable to activate G protein pathway than Morphine 

system, and the Morphine system, with smaller outward movement of TM6 and larger inward 

movement of TM7, may be more favorable to activate arrestin pathway than PZM21 system.  
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    Of note, the biased signaling mechanisms of GPCRs are very complex and the result of many 

aspects. In our MD simulations, we clearly observed the increased opening of the intracellular 

interface, which can potentially facilitate G protein binding. But that doesn’t mean that other 

factors can be ruled out, such as decreased arrestin-binding, which closely connects with efficiency 

of phosphorylation of C-terminal tail, interaction of arrestin to the phosphorylated C terminus, 

efficiency of receptor sorting into endosomes, etc.[79-81], even though some of these mechanisms 

affecting arrestin-binding were not analyzed in our MD simulations due to PZM21 being a G 

protein agonist. In this paper, owing to time and calculation limitations, we simulated only one 

unbiased agonist (Morphine) vs. G protein biased agonist (PZM21). As observed from the previous 

MD simulations, another G‐protein biased agonist TRV130 showed that the strong stabilization of 

W6.48 by interacting with Y7.43 is useful for its G protein-biased signaling pathway [26]. 

Interestingly, our critical node analysis also implied that the two residues were closely associated 

with its biased pathway. To better understand the biased signaling mechanisms of MOR, it is 

necessary to compare the dynamics of multiple unbiased agonists vs. G protein agonists to reveal 

more convincing information for designing the ligand with G protein bias, which is necessary to 

be performed in the future. 

  The different TM5-7 conformation changes in the two systems might be correlative with their 

specific loose allosteric interactions, so it was very necessary to carry out networks analyses. The 

conserved critical nodes are responsible for the signal communication between different network 

communities and play a critical role in signal transduction (Table 1). The common conserved 

residues may be important for the G protein signal transduction, whereas the other different 

residues may influence the signal pathway bias. Out of 9 common conserved critical nodes, 

interestingly, the residues L1603.43 and F2916.44 are the key residues of the hydrophobic hindering 
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mechanism core (HHM core, composed primarily of F6.44, L3.43 and X6.40, in addition to L2.46, N7.49, 

Y7.53, Y5.58, R3.50 and X6.41) involved in the activation process from orthosteric site to G protein 

docking site for all family A GPCRs seen to date[67]. Therefore the importance of L1603.43 and 

F2916.44 in the signaling of G protein pathway could be deduced. Moreover, among the conserved 

critical nodes of Morphine system, the 3 residues I1573.40, P2465.50 and F2916.44 form the conserved 

core triad[36], and the 4 residues L1603.43, F2916.44 , Y2545.58 and N3347.49 belong to the HHM 

core[67]. On the other hand, among the conserved critical nodes of PMZ21 system, the 2 residues 

I1573.40 and F2916.44 belong to the conserved core triad, the 7 residues F2916.44, L1603.43, V2876.40, 

L1122.46, Y3387.53, R1673.50 and V2886.41form the HHM core, and the W2956.48 belong to 

transmission switch. Compared with the two systems, it is clear that the PZM21 system has more 

residues associated with switch motifs, especially associated with the HHM core that is very 

important for the activation of G protein process for class A GPCRs[67]. Therefore, the PZM21 

system may be more preferred to activate G pathway than the Morphine system. 

    The different critical nodes in the two systems may be associated with the signal pathway bias 

(Table 1). A previous experimental study showed that the mutations W3207.35A and Y3287.43F of 

MOR caused changes in pathway bias, with different patterns among different ligands [82].  In 

addition, a previous computational study showed that the strong stabilization of W6.48 by 

interacting with Y7.43 is useful for the G protein-biased activation of TRV130-MOR system [26]. 

Interestingly, three critical nodes W6.48, W3207.35 and Y3287.43 in PZM21 system may be 

associated with PZM21’s G protein-biased pathway. Similarly, the two critical nodes N1523.35 and 

F1583.41 in Morphine system may influence the β-arrestin-biased pathway, which is also consistent 

with the experimental result showing that the mutations N1523.35A and F1583.41W of MOR caused 

a significant increase of β-arrestin-mediated signaling for ligand TRV130[27]. Therefore, some 
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critical nodes in our network analyses definitely played a significant role in signal transduction 

and reasonably explained some experimental results.  

  Moreover, for the unbiased agonist Morphine and the biased agonist PZM21, their network paths 

from the ligand to the molecular switches were slightly different (Fig. 12). On one hand, the 

network paths to the intracellular ends of the three TMs (TM3, TM5 and TM7) are different 

between the two systems, but the two systems’ optimal paths to the transmission switch in the 

intracellular end of TM6 were similar. On the other hand, the network signals from PZM21 to the 

molecular switches of TM3, TM5 and TM7 with some thinner edges were a little bit weaker than 

that from Morphine. Interestingly, out of the 5 residues (D1493.32, N1523.35, A1192.53, D1162.50 and 

N3347.49) in the optimal path to the Y3387.53 of TM7 in Morphine system (Fig. 12), the 3 residues 

D2.50, N3.35 and N7.49 were shown to increase the β-arrestin-mediated signaling by the mutations of 

N3.35A or V, D2.50A, N7.49A for δ-opioid receptor[83]. Therefore, our optimal and suboptimal paths 

are able to reasonably explain the experimental results. In addition, like the network paths from 

the ligand to the molecular switches of TM6-7, the paths from the key contact residues D1493.32 

and Y1503.33 to the end of TM6 were also similar in the two systems, but the paths to the end of 

TM7 were different (Fig. S19). It is known that the conformation of TM6 is related to the 

efficiency of G protein coupling and the conformation of TM7 is related to the efficiency of arrestin 

coupling[70]. Therefore, it is possible that both Morphine and PZM21 can trigger the G protein 

pathway activation due to their network paths to TM6 being similar, while Morphine is more 

favorable to couple arrestin than PZM21 due to its network paths to TM7 being different and 

relatively stronger (with thicker edges).  

    The results about these additional induced fit docking, 2 runs of ~1.0 μs MD simulations, 

network analysis and PCA of the two complex systems in presence of the crystal waters are 
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respectively similar to that in absence of the crystal waters (Figs. S20-S30). These further confirm 

that the results obtained from the systems without the crystal waters are reasonable and credible. 

Simultaneously, it could be speculated that the crystal waters in the binding site may not play a 

key role in affecting the signal pathway bias of PZM21, although they likely improve the stability 

of PZM21 during the MD simulations.  

 

5. Conclusion  

Based on our MD simulations in two different situations (i.e., one situation includes the crystal 

waters but another does not), some valuable information about G protein biased signaling 

pathways of PZM21-MOR complex was revealed as follows: (1) PZM21 could interact with 

Y3287.43 of TM7, besides the key residues D1493.32 and Y1503.33 of TM3. (2) Morphine and PZM21 

systems’ network paths to the intracellular end of TM6 were roughly similar but the paths to the 

end of TM7 were clearly distinct. (3) Accompanied by the distance changes of the three key 

molecular switches (ionic lock, transmission and Tyr toggle) and the distance increase of some 

conserved inter-helical residue pairs, PZM21-bound MOR exhibited larger outward movement of 

TM5-6 and less inward movement of TM7. (4) The PZM21-bound MOR’s intracellular ends of 

TM5-7 bent outward more and created a larger cavity potentially favorable for G protein binding.  
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